INTRODUCTION
The Wide Area Surveillance Projectile (WASP) project was commenced as a cooperative venture between the Massachusetts Institute of Technology (MIT) and the Charles Stark Draper Laboratories in 1997. The goal was to develop a small autonomous flyer that would reduce the risk and time associated with obtaining battlefield reconnaissance data. WASP is low cost expendable vehicle that is launched in an artillery shell, and then deployed to track ground targets using visual and infrared cameras. This mission profile required a g-hardened vehicle that was extremely light and sufficiently maneuverable to perform its reconnaissance mission with acceptable endurance. This is a very challenging combination to implement simultaneously.
For the first two years of this project, Draper and MIT worked jointly to develop a prototype of WASP. During this initial "proof of concept" Phase I, the team aimed to meet the geometric constraints of the proposed 5" shell, as well as to construct vehicle components that could survive the 15,000-g acceleration load of the launch. Through a combination of cost, fabrication, and time concerns, the design team decided to manufacture the prototype largely of aluminum. This design, which can be followed in a series of MIT theses [1] [2] [3] [4] [5] , survived the high-g tests however was unable to achieve controlled flight due to its high weight and poor center-ofgravity placement. A second phase of the program began in 1999 to incorporate the knowledge gained from the first phase of the project to design a flight-worthy second WASP vehicle.
Phase II of WASP, the "integrated vehicle demonstration" phase, added some new requirements to the design, and established an end goal of a functional test article able to demonstrate its components while remaining consistent with a g-hard design. The following is a list of the revised mechanical requirements for the WASP vehicle:
• Ability to track ground targets at 100 km/h (60 mph) • Altitude < 305 meters (1000 feet) • Endurance = 30 minutes (minimum) • Round = M83 series, 155 mm (6.1 inch) diameter -Payload length 533 mm (21 inch) max -Payload diameter 127 mm (5 inch) max -Round gyro stability > 1.6 • Gun launch -Set-back acceleration = 16,000 g -Set-forward acceleration = 4,000 g -Balloting acceleration = 2,000 g -Spin = 270 Hz -Barrel soak temperature = 150°C (300° F) • Expulsion pressure = 20.7 MPa (3,000 psi)
Changes from the original design include using an electric motor in place of the original internal combustion engine, placing the folded wings against the body instead of internally stowed, and reducing the surface drag on the fuselage. The overall final design of WASP II, can be seen in Figure 1 .
The following sections of this paper will describe the methodology used to design the principal structural components of the WASP vehicle. This includes the fuselage sections, the aerodynamic surfaces, the vehicle joints, and a protective shroud used to support launch loads. All of these parts were designed with considerations of the high-g operating environment, while maintaining weight efficiency.
FUSELAGE SECTIONS
One of the key modifications from the original design of WASP was the introduction of carbon fiber reinforced polymer composites as the principal structural material in place of aluminum alloys. Composites have some of the highest values of specific strength and stiffness of any materials, making them prime candidates for the WASP vehicle.
However, these potential performance advantages are incurred at the expense of increased cost, and increased complexity of analysis and manufacturing. In addition the heterogeneous nature of composites increases the risk of unanticipated failure modes. The rationale for the work described in the following section was to mitigate the risk of using composites by providing validated design codes and developing manufacturing processes [1] .
While no previous studies were found in the literature directly relating to the design of high-g composite fuselage sections, several have identified design procedures utilized for cylindrical structures similar to those used in WASP [6] [7] [8] [9] .
AFT SECTION -The most critical area for detailed analysis and testing was the aft fuselage section. This section has significant influence on the control stability of the vehicle and experiences the highest launch loads due to its location. The geometrical requirements for this section were to maximize the internal volume while not exceeding the maximum internal diameter of the artillery shell, and to provide appropriate cutouts for the fins and inserts. The major design load was the set-back inertial launch load of 16,000 g's pushing the entire mass of the vehicle against the tail section, distributed evenly across the upper cross-sectional face of the tail section. At either end of the section, a metallic bulkhead constrains the composite cylinder from displacing radially.
ANALYTICAL PROCEDURE -The procedure for analyzing the composite sections is shown in Figure 2 . Initially candidate laminates were examined using a classical laminated plate theory (CLPT) code written in Matlab, to predict first ply failure as determined by the Tsai-Wu failure criterion. The next step was to use I-DEAS as a pre-processor and mesh generator. The geometry of the section was modeled and meshed with 9-node shell elements, and then sets of boundary elements and nodes were exported together into ABAQUS. Once in ABAQUS, material properties, boundary conditions and a nominal 1000 lbs distributed axial compressive load were imposed. Both a static and dynamic analysis was performed for each model. Static Model -The three primary stress componentsaxial, circumferential and shear-were extracted from the elements with the highest stress state, usually found in the outermost 45° ply near the slot tip. These stresses along with the tabulated Tsai-Wu failure constants were then entered into an equation solving routine [10] . Since the laminate was assumed to behave linearly until first ply failure, the stresses in the cylinder would scale linearly with the load applied. The solver was used to determine the critical load factor to be multiplied by the nominal load, to cause first ply failure as determined by the Tsai-Wu criterion.
Dynamic Model -Since some of the fuselage sections had slots that were relatively long, it was uncertain whether the tubes would fail by fracture or buckling; therefore a dynamic model was also analyzed in ABAQUS. The dynamic model was created similarly to the static model, using identical geometry, materials, loads and boundary conditions. The only difference occurred in the solution section of the input file, where linear buckling was specified instead of a static solution. Several variables were analyzed to provide a rubric to predict the effect of potential design changes on the failure load. 
EQUATION SOLVER (Mathematica)
Tsai-Wu failure theory constants tabulated Failure load factor found
STRESS OUTPUT (ABAQUS-POST)
Stress solutions inported from ABAQUS Maximum stresses located and recorded
PROCESSOR (ABAQUS)
Material properties, loads and b.c.'s defined Static model processed for nominal 1000 Lbs load
GEOMETRY (I-DEAS)
Model defined in CAD environment Finite element model geometry defined
LAMINATE SELECTION (Matlab)
Composite laminate ply angles entered CLPT code using Tsai-Wu iterated to select laminate EXPERIMNETAL PROCEDURES -Experiments were performed using AS4/3501-6 graphite epoxy pre-preg. First, axial compression tests were performed in displacement control on a servo-hydraulic testing machine. Compression platens were placed on both heads of the load frame, and each specimen was loaded with proof mass and clamp fixtures in place. Next airgun testing was conducted in order to simulate the actual launch conditions the vehicle would experience in service. Testing was performed at Picatinny Arsenal, NJ using a 155mm air-gun.
RESULTS -There was reasonable correlation between the failure predicted-based on FEA together with the Tsai-Wu failure theory-and the compression tests results. The most consistent result was the correct selection of dominant failure mode, which was predicted by comparing the results of the dynamic and static models. The quantitative comparison of prediction and experiment was also reasonable. While not sufficiently accurate to permit detailed design without testing, these codes do provide insight to help choose which specimens to test, and to specify the required range of test conditions.
Since air-gun tests are expensive and time consuming, a key goal of this project was to demonstrate that compression tests could serve as an accurate substitute for some phases of the design process. The air-gun tests performed for this project only sufficed to provide a bound for the failure acceleration. These results do indicate however that the failure experienced during the compression tests was in the same range as would be seen in a gun launch. Analysis shows that for this composite section, the air-gun testing environment was "quasi-static," i.e. the resonant frequency of the system was much higher than the gun-shot frequency, so it was not excited. While this does not eliminate the necessity for final air-gun testing to prove g-hardness, it does provide evidence that quasi-static compression tests may provide a quick and cheap experimental design tool. Compression tests can also be used to compare the survivability of competing configurations, thereby drastically reducing the number of air-gun tests need.
HIGH-G DESIGN TOOL -A fundamental goal of this project was to prepare a design tool for high-g fuselage sections, which can be followed in the flow chart in Figure 3 . First of all, using the rubric of trade-studies discussed above, one could design a reasonably survivable part, which could then be verified using the static and dynamic modeling tools presented in this paper. Then, iteratively using the results from the failure prediction procedure outlined, the design could be further refined using the trade-studies until an acceptable failure strength prediction is generated.
From this point specimens would be manufactured to verify those results in a compression test, where again it could be redesigned slightly if necessary.
Finally, once the desired configuration is obtained, the updated fuselage section design would only need to be fired out of an airgun a few times to verify its g-hardness. Using the analysis procedure presented in this paper, it is anticipated that a high-g survival part could be designed with much less time and effort than with previous techniques.
After using this tool to choose an appropriate layup, the final designed fuselage sections for the WASP vehicle were them manufactured using compression molding at Quatro Composites in San Diego, CA.
AERODYNAMIC SURFACES
All of the aerodynamic surfaces on the WASP vehicle were manufactured in the Technology Laboratory for Advanced Composites at MIT. This includes the main wings, the horizontal fins and the vertical rudder. The decision to make the wings in composite material was made for the same reason as the fuselage sections; for the high stiffness to weight ratio. Previous research has also shown that thin composite laminates are more reliable then metallic parts under high-g shock loading, since they bend and then snap back to their original shape without hysteresis or yielding [2] .
LAMINATE SELECTION -The laminate design for the WASP wings was dictated by the aerodynamic requirements of the vehicle. In level flight, the lift distribution on the cantilevered wings causes a natural dihedral angle due to their bending. To maintain control stability, the stiffness of the wings had to be designed such that this dihedral angle was less than 1°. Using the cross sectional second moment of area of the wing an appropriate modulus was determined, and candidate laminates were selected using a classical laminated plate theory code in Matlab . The wing was originally designed to be a highly cambered single-sided airfoil in order to fold the three sections within each other, however due to the lack of stiffness of this design, it was 
AIRFOIL MANUFACTURE -The WASP II wings were originally manufactured using graphite/epoxy prepreg, however the curvature and taper of these airfoils drove the design to the conformability of wet-layup. There were two types of dry carbon fibers used. The first was a 2.9 oz/yd 2 unidirectional carbon web that was used to increase the bending stiffness in the airfoils. The second was a 5.6 oz/yd 2 carbon woven fabric, which was cut out in ±45° strips to provide torsional stiffness in the outside plies of the airfoil sections. A slow setting roomtemperature epoxy system was used to bind the fibers together to allow more volatiles to escape and to achieve improved compaction under vacuum. Several epoxy thickeners were used for various sections as well, including colloidal silica, micro-fiber powder and chopped carbon fibers. All of the composite airfoil parts were fabricated inside a single female aluminum mold, and the cures were performed at room temperature for 24 hours under a 1-micron Hg vacuum to prevent residual thermal stresses. Subsequently, there were several secondary cures to bond different sections together, to apply hinges, fill in gaps, and to define a good leading edge. Finally, fine sand paper was used to smooth the rough edges of the airfoil sections.
TAIL FINS -The rudder and horizontal fins were originally manufactured in a similar fashion to the main wings. Since the aerodynamic loading was not as high, these sections did not have to be as stiff as the main wings. Therefore they were cured with less plies to reduce weight. The fins were manufactured in separate symmetric airfoil sections, and then cured together in a secondary process. Once removed from the mold, the leading and trailing edges were sanded with fine grit paper to smooth the transitions. The rudder was more complicated since it required a telescoping scheme in order for enough surface area to fit within the shell constraint. Since the top section of the rudder was to stow in the lower section, a stereo lithography mandrel made at Draper was used to maintain this gap for the lower section cure, which was machined slightly larger than the top section to allow smooth sliding in and out of the bottom section. Two steel rods were bonded into the top section during to act as guide-poles for the telescoping mechanism. This rudder mechanism proved to be one of the greater challenges of the project.
TESTING -Several static tests were performed to establish the structural integrity of these aerodynamic sections.
First, flat coupon specimens were manufactured to verify the stress-strain behavior of the material under load to be used in the CLPT models. Next, potted samples were axially compressed to determine their critical buckling load, as well as their post-buckling behavior.
Finally, cantilevered wing sections were tested to quantify their bending deflections in both directions to compare with the analytical models.
VEHICLE JOINTS AND ATTACHMENTS
This section details how the composite parts previously described were attached together, and how other components were attached to them. This includes the fixed joints between the cylindrical fuselage sections, the hinged joints between the wing sections, and the joint between the airfoils and the body. Component attachment tests were also performed for both the fuselage section bulkheads and the wing roots. Two methods of attachment were explored: adhesive bonds and bolting. It was decided early on that the initial test vehicle would be constructed with all bolted joints so that it could be easily disassembled for display or repairs. The future operational vehicle however, will have all adhesive joints, as they are much lighter and easier to manufacture for a single use vehicle such as the WASP.
TUBE SECTION -Since the WASP vehicle undergoes very high accelerations, it was important to design several "hard-points" into the vehicle for payload attachment. The most convenient place to put these "hard-points," which were to be machined out of aluminum, was between each of the composite sections and at the nose of the vehicle. That way, the aluminum blocks would serve the purposes of both holding the sections together, and providing mounting points for the heavier components in the vehicle.
Bulkheads -There were two main bulkheads used to attach the tube sections together: the main bulkhead, which connected the nose and body sections, and the aft bulkhead, which joined the body and tail sections. The main bulkhead was a relatively complicated component, needing to be machined on a computerized milling machine. The fore-area of this bulkhead was where the composite nose section attached to the bulkhead. The next section of the main bulkhead was referred to as the shelf, and was a piece of metal that protruded slightly from the vehicle to provide an attachment area for the shroud. Aft of the shelf section of the bulkhead was a long contoured piece that matches the inside curvature of the body section. This main bulkhead also served for attachment purposes, to support many of the heavier components in the vehicle. The aft-bulkhead was similar to the main-bulkhead, the main difference being that the aft-bulkhead did not have the shelf piece, since the shroud only contacted the vehicle in the front.
Components -There were two general ways that components were attached to the composite sections inside of the vehicle: either they were mounted to the "hard-points," or adhesively bonded.
The heaviest component inside the WASP II vehicle was the battery, which is inserted into a cut-out inside the main bulkhead which supports it from all sides. The front side of this bulkhead was also where the cameras and the photoelectronics were fastened. The next heaviest component was the motor, which was housed in the nose plate, a piece of aluminum that was placed in the front of the vehicle protruding from the nose cone. The last large components to be mounted into a "hard-point" were the servos and gyros, which were fixed onto the aft bulkhead in the rear of the vehicle to provide them with a rigid support. There were several other components that needed to be mounted into the vehicle, such as guidance and navigation systems. These parts, which were mostly miscellaneous electronic components, either had their casings machined to match the contour of the composite wall, and this metal part was then bonded to the wall, using a standard surface preparation of cleaning and sanding.
WING SECTIONS -The wing attachments were one of the most important and challenging parts of this program.
The complicated wing and tail folding mechanisms did not provide much surface area for bonding, and due to their locations away from the centerline of the fuselage, a large shear force is seen during the spin-up of the shell.
Hinges -The hinges for the main wings presented one of the greatest challenges of both WASP vehicle designs. The objective was to have a hinge mechanism that would integrate a solid pivot, be spring loaded, hold a reliable dihedral and have a locking mechanism. In the original WASP vehicle, all of this functionality was integrated directly into the aluminum wing design. For the WASP II vehicle however, it was deemed too difficult to develop a similar system for the composite section in such a short time. In the end, a similar mechanism to the original design was implemented using secondary cures. Standard spring-loaded stainless steel cabinet hinges were bonded between the two wing sections using a micro-fiber thickened epoxy mixture. Holes were drilled through the hinges to allow the flowing epoxy to form a rivet-like connection between the laminate and the metal. The hinge was also covered by a small piece of woven carbon fabric to help prevent delamination of the bond. After the cure the pin and spring, along with two additional springs were replaced on the hinge to hold up the wings with an appropriate amount of force. In order to set the dihedral angle, the butted wings were sanded down to the appropriate angle using a beltsander with fine grit paper. Once unfolded, the hinge was only capable of opening to the prescribed dihedral. It was determined that aerodynamic forces would be sufficient to support these wings during flight, so no lock mechanism was developed [3] .
Roots -For wings, tail fins and rudder the same attachment scheme was used to connect them to the flyer. In each case, an aluminum root was machined using a computerized milling machine to have an exact upper surface and flat bottom surface. This flat surface is used to control the variability in angle of incidence of the wings. After the aerosurface is bonded to the flat side, the remainder of the cavity was filled with epoxy to clamp it in. The opposite side of the root piece was used to control the folding mechanism. In the case of the wings, this mounting piece protrudes from the sides of the main bulkhead, and for the tail surfaces they were special separated pieces.
TESTING -Several tests were performed in order to obtain the shear strength of the proposed adhesive systems. Testing fixtures were machined for each of these tests, as well as custom-built grips for the MTS hydraulic testing machine. For the fuselage sections, mock-bulkheads were machined to test the strength of attaching two sections together. The strength of metallic components bonded to the sidewalls of the composite was also investigated. For the wing sections, several tests were performed on the root, testing its strength in tension and in bending.
Lastly, experiments were performed to determine the strength of the hinges used to connect the wings, and the various hinge bond configuration. Much work is currently being done at MIT to improve the strength and reliability of composite/metallic bond interfaces. The fully assembled current WASP II vehicle can be seen in 
PROTECTIVE SHROUD
A protective steel shroud was designed to surround the vehicle, bearing on the main bulkhead's "shelves," to serve several purposes. The primary role of the shroud was to support the vehicle during the gun launch, providing a load path for the axial acceleration force and placing most of vehicle in tension, which eliminates buckling as a dominant failure mode. This has the consequence of relieving the tail section strength requirements, which improves the many vehicle control characteristics. The shroud also bears the 266,880 Newtons (60,000 lbs) compressive force of expulsion charge the vehicle would normally be exposed to before leaving the shell. Secondary purposes of the shroud include protecting the vehicle during spin launch balloting, and adding ballistic weight to the shell/flyer combination to match ballistic trajectory tables.
MATERIAL SELECTION -There were four basic failure modes for the shroud that had to be considered in order to select the appropriate metal for its construction:
1. Yielding 2. Euler column buckling 3. Local shell buckling of the cylinder 4. Local shell buckling of the half clamshell There were also 2 loading conditions to be considered:
1. Expulsion charge of 20.7 MPa (3,000 psi) 2. Acceleration of 16,000 g's on shroud and vehicle All of these failure mechanisms and loading conditions were explored for several candidate metals, including steel, tungsten, molybdenum, titanium and aluminum. The outcome of this trade-study was that in order for the vehicle to be statically and dynamically stable, the shroud metal is required to have a Young's Modulus greater than 110 GPa (16.0 msi), and a yield stress greater than 1.1 GPa (160 ksi). AISI 4140H Steel, with a 260°C (500°F) temper was selected as the best candidate, however several other high grade steels would have been appropriate, the trade-off being in their fracture toughness versus their yield strength. All of these steels have a modulus of 206 GPa (30 msi), and a density of around 2.62 kg/m 3 (0.283 lbs/in 3 ); this particular grade has a yield stress of 1.65 GPa (240 ksi) and a critical crack length of 0.178 cm (0.07") at the design stress level.
ANALYSIS -After the material for the shroud had been selected, the attachment ledge, which was the part that mated with the main bulkhead shelf, was sized for bearing loads and shear. A finite element analysis was performed solve for the stresses experienced by the shroud during loading. It was modeled as a 2-D axisymmetric cross section, with mass-proportional load along its length with the weight of vehicle applied as a distributed force on the ledge. The maximum stress occurs at base of the shroud and at the point where it attaches to the vehicle. All of these stresses in the finite element model agree with the calculations presented in the previous section as well. This analysis confirms the fact that steel was an appropriate material selection for the shroud, and that it will protect the WASP vehicle with a large margin of safety.
CONCLUSION
The structural design of the WASP vehicle was a very challenging problem since it not only had to sustain flight, but survive a gun launch with a sensitive payload. The work in this paper investigated the design and manufacture of the major structural components of the WASP II vehicle. These parts included the nose, midbody and tail sections, all of the aerodynamic surfaces, and the hinge and joint mechanisms. Finite element models were developed to investigate the static and dynamic effects of high-g loading on composite fuselage sections. Static compression and air-gun tests were then performed to validate these models. From these models and tests, a "building-block" procedure for the design of high-g composite components was proposed utilizing CLPT, a finite element model, the Tsai-Wu failure criterion and a few tests. Also, the correlation between the static and air-gun tests provided an indication that it may be possible to save time and money in the design process for high-g survivable composite structures. A similar design process was also presented for the aerodynamic surfaces of the WASP vehicle, which were manufactured using a hand-layup technique. Finally, the concept of a protective shroud was introduced that significantly reduced the requirements of the composite components. It accomplished this by decreasing the load experienced by many of the sections, and by putting most of the components whose failure mode in the original design was dominated by buckling, into tension. This work represents a preliminary attempt to develop a full design tool for composites in a high-g environment. Further refinement is needed predict to more accurately the failure loads observed during testing.
Other composite materials utilizing higher strength fibers and tougher matrices, and different, should be investigated as well. Lastly, much testing and re-design remains for the attachment and hinge mechanisms of this vehicle to develop a more integrated and robust system. Overall, the work presented in this paper offers much insight into the preliminary design of a high-g composite structure, however more work is necessary to fully qualify a protocol for designing a g-hardened vehicle.
